7 7 1 a r t i c l e s Clustered regularly interspaced palindromic repeats (CRISPR) drives adaptation to invasive nucleic acids such as phages, conjugative plasmids and transposable elements, using an RNA-mediated interference mechanism that has fundamental similarities to innate and adaptive immune responses 1-3 . This RNA-based adaptive immunity system involves a noncoding CRISPR array and a nearby CRISPRassociated (cas) operon 4-6 . CRISPR-Cas systems mediate three key molecular events: (i) adaptation through the insertion of short segments of 'spacer DNA' derived from foreign genetic elements into the CRISPR array; (ii) transcription of the CRISPR array and endoribonucleolytic processing of transcripts into CRISPR RNA (crRNA); and (iii) crRNA-guided degradation of the foreign DNA 7 containing spacer-complementary sequences 1-3 . (RNAs are targeted in type III-B CRISPR systems, as exemplified in Sulfolobus solfataricus and Pyrococcus furiosus 8 .)
a r t i c l e s of the Cas3 protein bound to an ssDNA substrate and biochemically defined its physical interactions with the Cascade complex. We revealed the catalysis mechanism of the HD nuclease with a snapshot of the ssDNA substrate coordinated by two catalytic irons in the active site. We captured the SF2 helicase in open conformation, with and without an ATP molecule bound, thus providing hints about the ATP hydrolysis-driven conformational-switching cycle. We revealed the functions of the Cas3-specific structure features with CRISPR interference assays and biochemical reconstitutions. We showed that Cas3 is specifically guided toward Cascade-bound target DNA in the presence of an optimal protospacer-adjacent motif (PAM) sequence, through physical interactions with the CasA component of Cascade 
RESULTS

Overall structure of ssDNA-bound T. fusca Cas3
We determined the crystal structure of the Cas3 protein in the T. fusca CRISPR-Cas type I-E system at 2.65-Å resolution, with a 12-nt endogenous ssDNA substrate bound ( Fig. 1 and Table 1 ). The structure provides a snapshot of Cas3 in which two enzymatic activities are combined to unwind and degrade its DNA substrate ( Fig. 1a,b) . The SF2 helicase has a classic arrangement of two juxtaposed RecA domains followed by Cas3-specific structure features, including a long linker helix and an accessory C-terminal domain (CTD) spanning the top. The HD nuclease domain packs against the first RecA-like domain (RecA1) of the helicase through a large, conserved hydrophobic interface of ~4,200 Å 2 . The key interface residues, including W216, L217 and L260 from HD and W406, R412, L415, F441 and W470 from RecA1, are highly conserved ( Fig. 2 and Supplementary Fig. 1) . The RecA1 and RecA2 at the helicase core are separated by a cleft, where the conformational changes induced by ATP binding and hydrolysis are expected to take place 17, 25 . Following RecA2, a horizontally packed linker helix spans the entire helicase back to the HD domain. This is followed by a flexible linker projecting toward the CTD, wrapping one side of the DNA-binding platform. The CTD contacts conserved surface loops in each of the RecA-like domains on the opposite side of the platform (Fig. 2b) , burying a total surface area of ~2,020 Å 2 , thus leading to the formation of a closed ssDNA-threading channel.
The path to degradation inside Cas3
A ssDNA substrate spanning both enzymatic moieties is captured in the precleavage state in the crystal structure, providing insights about the concerted DNA-unwinding and DNA-degradation actions of Cas3. This substrate was endogenous DNA in origin, copurified with the Cas3 protein ( Supplementary Fig. 2a ), and it was probably processed further during crystallization. Electron densities are visible for 6 nt in the helicase region and 3 nt in the HD nuclease region, and 2 nt can be inferred in between ( Fig. 1c-e ). The DNA substrate traverses the most-conserved surface regions in Cas3 ( Supplementary   Fig. 3 ) and makes multiple sequence-nonspecific contacts along the path (Fig. 1c) . The 5′ end of the DNA substrate enters from the RecA2 side of Cas3. A short separation helix is inserted between nts 1 and 2; the conserved R729 and V734 may have a role in threading nt 2 and beyond into the tunnel. The putative separation hairpin (amino acids (aa) 715-727), which is conserved in many SF2 helicases and wedges into the dsDNA 11 , is disordered in our structure. The sugar-phosphate backbones of nts 2-4 and 5-7 are contacted by RecA2 and RecA1, respectively, providing two anchoring points to enable the expected 'inchworm' movement in the SF2 helicase ( Fig. 1d) . Contacts from RecA2 include salt-bridge and hydrogen-bond interactions from R622 and Q660 to nt 2; S621 and T659 to nt 3; and R628 and Q664 to nt 4. RecA1-DNA contacts are from T337, M338 and E424 to nt 5; S372, T422 and Q425 to nt 6; and M428 to nt 7. Emerging from the helicase channel, the nucleoside portions of nts 7 and 8 are difficult to trace, owing to a lack of defined contacts, but density reappears toward the active site of the HD nuclease (nts 9-11 and the phosphate of nt 12) after an ~90° twist at the sugar-phosphate backbone. Here, ssDNA binding is assisted by K411 (nt 10) and W216 (nt 10) as well as active site residues and catalytic metal ions (Fig. 1e) . The electron density is poorly resolved beyond the labile phosphate of nt 12 at the HD active site; residual electron density suggests that the leaving nucleotide kinks 90° upward to avoid steric clashes ( Fig. 1e) . This sharp geometry distortion may form the basis for the HD nuclease to disfavor dsDNA substrates. Overall, the path of ssDNA substrate demonstrates that Cas3 is an obligate 3′-to-5′ ssDNase preferentially accepting its substrate directly from the helicase moiety.
Metal coordination and catalysis mechanisms inside HD
The HD nuclease has been characterized as a transition-state metaldependent single-stranded exo-and/or endonuclease 15, 16, [21] [22] [23] . The metal coordination scheme differs substantially among the published apo crystal structures [21] [22] [23] (Supplementary Fig. 4 ). This may be the result of active site perturbation due to harsh purifications and/or the lack of ssDNA substrate [21] [22] [23] . ssDNase activity could be detected from T. fusca Cas3 supplemented with Mg 2+ , Mn 2+ or Co 2+ , and the cleavage product contained a 5′-PO 4 3− and a 3′-OH ( Supplementary  Fig. 2b-d) . The substrate-bound Cas3 structure provides many more mechanistic insights regarding substrate coordination and the catalysis Figure 1 . Inset at top, schematic of DNA unwinding and degradation mechanism inside Cas3. The SF2 helicase feeds the 3′ DNA strand directly into the HD nuclease active site for degradation. (b) Conserved hydrophobic interactions at the HD-RecA1 interface, viewed from the HD side. The two domains, HD in cartoon and RecA1 in surface representation, are colored according to sequence conservation: dark red for highly conserved residues and cyan for variable residues. Key interface residues are shown as sticks, colored according to their conservation. Carbon atoms from the HD and RecA1 side chains are in white and light green, respectively. (c) CTD-RecA1 (pink and cyan, respectively) and CTD-RecA2 (pink and pale green) interfaces. Contacting residues are shown as sticks, colored as in (b). npg a r t i c l e s mechanism. The labile 3′-P bond spanning the HD active site is trapped in the precleavage state, and the two nonbridging oxygen atoms interact strongly with the two irons (which are probably in the Fe(ii) state) in the HD active site ( Fig. 3a) . We subsequently verified the identity of the unexpected irons with X-ray-absorption fine-structure (XAFS) analysis and an anomalous difference map collected at the absorption edge of iron ( Supplementary Fig. 5 ). The strong affinity suggests that they are constitutive cofactors. The metal ions are coordinated by a cluster of highly conserved active site residues, including the invariable residues H83 and D84 (the HD motif), H37, H115, H149, H150 and the less conserved residue D215. The soft nature of the iron-chelating groups dictates the binding of transition-state metal ions rather than Mg 2+ in these two sites. A similar active site configuration is present in a recently deposited apo putative HD nuclease domain structure (PDB 2PQ7; comparison in Supplementary Fig. 4d ), thus suggesting that the two-iron architecture is probably conserved in a large percentage of Cas3 proteins. The strategic position of these two irons suggests their involvement in catalysis by coordinating a deprotonated water molecule between the two irons for nucleophilic attack and by stabilizing the negative charge together with K87 during the transition state 26 . Other HD nucleases are likely to coordinate transition metals at equivalent positions, although the exact configuration has not been fully resolved in the published apo structures, possibly owing to harsh purification conditions, weaker binding affinity and/or the lack of ssDNA substrate [21] [22] [23] .
Defining the function of HD active site residues in vivo
We set up an in vivo CRISPR interference assay in Escherichia coli to evaluate the function of HD active site residues (Fig. 3b) . Induction of T. fusca Cascade and Cas3 expression led to efficient CRISPR interference when the target plasmid bore a protospacer adjacent to a strong PAM sequence (5′-WAK consensus, with 5′-AAG being the most potent); however, interference dropped to background level with a weak PAM present ( Fig. 3c) . Knocking out either Cas3 HD nuclease or helicase activity by previously characterized mutations (D84A and D451A, respectively, and the D84A D451A double mutant) reduced the crRNA-mediated plasmid degradation to a background level, thus suggesting that both enzymatic activities are essential in CRISPR interference (Figs. 3d) .
On the basis of the new structural insight, we subjected HD residues involved in iron coordination (H37, H83, H115 and H149 H150) or ssDNA binding (K23) to alanine-scanning mutagenesis. All resulted in a dramatic loss-of-function phenotype similar to that of the D84A mutant, thus confirming their essential role in the HD nuclease (Fig. 3a) . The conserved residue S219 is proximal to the 3′ leaving oxygen of the substrate and may be involved in its protonation. S219A mutation led to a substantial loss of function in the in vivo assay (Fig. 3c) .
Essential features of type A SF2 helicase of Cas3
Our crystal structure reveals that 9 of the 12 typical sequences commonly found in SF2 helicases are well conserved in Cas3 motifs (I-VI, Ia-d, Iva and Q) 17, 25, 27 (Fig. 4a) . Binding of ssDNA involves a subset of these motifs (Ia, 1b, 1d, III, IV, IVa and V) ( Supplementary  Fig. 6a ). Motif Ic is uniquely found in Cas3 and is essential in coordinating the HD and helicase activities (described below). Other Cas3specific structure features include a sideways-parked linker helix and the CTD domain, which follow the helicase core; we found both to be functionally important for Cas3 function (described below). We soaked ATP, its nonhydrolyzable analog AMP-PNP and ADP into the Cas3 crystals and determined the resulting structures at 3.1-, 2.9and 3.1-Å resolution, respectively ( Fig. 4b, Supplementary Fig. 6b-d and Table 1 ). Their binding did not lead to full-scale conformational changes 28 , owing to crystal-lattice trapping (Supplementary Fig. 6e,f) . Recognition of the A moiety is identical among three structures ( Fig. 4c  and Supplementary Fig. 6b-d) : it involves bidentate hydrogen bonds to the Hoogsteen edge of A from Q284 (motif Q), base stacking from L277 and a hydrogen bond to 2′-OH from E313. The first interaction disfavors binding of GTP to the same pocket, and the last one disfavors the binding of dATP. A second stacking interaction with the bottom of the A ring, observed in some helicase structures, was noticeably missing, probably from uncompleted conformational changes 28 . The triphosphate moiety is accommodated by a hairpin loop in motif I (Walker A) through multiple electrostatic main chain contacts from G308, E309 and G310. In the ATP-bound structure, the triphosphate npg a r t i c l e s moiety adopts an extended conformation, pointing toward D451 and E452 in motif II (DEAH, Walker B motif). We supplemented Mg 2+ in substoichiometric amounts and did not observe it near the βand γ-phosphates. However, residues responsible for positioning the Mg 2+ , such as T312 and D451 in motifs I and II as well as E452, the residue responsible for coordinating the attacking water molecule, are well conserved in space, thus suggesting that Cas3 would function as a typical SF2 helicase.
Functional importance of the Cas3-specific helicase features
Because these SF2 motifs have been well defined, we focused the mutagenesis on Cas3-specific structure features. Motif Ic is uniquely found in Cas3, and its position suggests an involvement in coupling the helicase and nuclease activities. Indeed, R410A K411A and R410Y K411F R412A, mutants targeting motif Ic, both led to a strong loss-of-function phenotype similar to that of HD active site mutants (Fig. 4c) . Replacing the linker helix (aa 777-815) with a glycine/ serine-rich linker (∆linker helix) was also more detrimental than the helicase-null mutant, thus suggesting an essential function for this structure feature (Fig. 4c) . Deletion of the CTD (aa 819-924) reduced CRISPR interference to the helicase-null-mutant level (Fig. 4c) .
Biochemical reconstitution of the Cascade-Cas3 interaction
A missing link in the type I CRISPR system is the definition of specific interactions that lead to Cas3 recruitment by a target DNA-bound Cascade. To address this, we reconstituted the Cascade-Cas3 interaction, using electrophoretic mobility shift assays (EMSAs) for deeper mechanistic dissection. Unlike the E. coli Cascade, the purified T. fusca Cascade mostly dissociated into free CasA and a crRNA-containing CasB-E subcomplex in the absence of a proper substrate ( Fig. 5a-c) ; intact Cascade was stable only when bound to a protospacer and PAM-containing dsDNA, a bubbled substrate or a nicked substrate mimicking an R-loop intermediate (Figs. 5d and 6a) . When we used a perfectly base-paired dsDNA substrate, CasA was required to recruit CasB-E to the DNA substrate, thus underlining the importance of CasA in initiating the dsDNA unwinding process to form the R loop ( Fig. 5d) npg a r t i c l e s interactions, presumably through base-pairing between its crRNA and the exposed protospacer region in the target-strand DNA (Fig. 6b) .
The affinity of Cas3 alone for various DNA substrates was rather weak, and the rate-limiting step appeared to be at the substrate binding-and-exchange step (Fig. 6a, right three lanes) . The nicked R-loop mimic supported the most stable Cas3-Cascade interaction, and Cas3 was specifically recruited to Cascade when a series of conditions were met: (i) an intact Cascade with CasA stably bound; (ii) an optimal PAM sequence in the substrate (because PAM substitution in either or both strands of the DNA substrate disrupted binding, presumably because of CasA dissociation (Fig. 6a, lanes 10-18) ; and (iii) a 3′ overhang of at least 10 nt in the nontarget-strand DNA (because we detected no Cas3 binding with a 5-nt overhanpparag (Fig. 6a, lanes 1-9) ). The 10nt-overhang requirement is roughly consistent with the 11-nt ssDNA inside our Cas3 crystal structure, thus suggesting that stable Cas3-Cascade association probably requires the nontarget DNA strand to thread through the helicase to reach the HD active site in Cas3 (Fig. 1) . Inclusion of AMP-PNP or use of the D451A helicase mutant strengthened the Cas3-Cascade interaction, whereas ATP incubation led to much weaker interaction, presumably because the elevated helicase activity allowed Cas3 to clear the Cascade (Fig. 6b) .
The function of the Cas3-specific structure features became apparent in the Cascade-Cas3 interaction assay (Fig. 6b) . Cas3 lacking the CTD (aa 1-818) exhibited weakened affinity for Cascade. Complementing this truncation with CTD in trans restored its Cascade-binding affinity to the wild-type level, consistently with our structure model suggesting that the CTD domain regulates HD nuclease activity by functioning as a substrate filter. More importantly, Cascade binding was completely lost when the linker region in Cas3 was replaced by a flexible linker (Fig.  6b) , thus pointing to a strong involvement of this region in Cascade interaction. HD nuclease mutant H83A also exhibited weaker affinity for Cascade, consistently with an accessory function of the HD domain in stabilizing the Cascade-Cas3 interaction by tighter binding to the substrate (Fig. 6b) . Finally, addition of ATP weakened the Cascade-Cas3 interaction, presumably because it triggered Cas3 to processively unwind and degrade DNA substrate. Indeed, when we used the D451 helicase mutant in the assay with ATP present, Cascade-Cas3 interaction was restored ( Fig. 6b) .
DISCUSSION
The most widespread type I CRISPR-Cas system can be further classified into six different subtypes (I-A to I-F), each encoding a unique set of subtype-specific genes 9 . Although the composition of the targetsearching Cascade complex varies substantially among these subtypes, the effector gene cas3 is universally conserved in all type I systems, thus underlining its functional importance. The analysis of the Cas3 crystal structure in this study reveals the arrangement of the nuclease and helicase activities inside the ~100-kDa Cas3 protein and sheds light into its mechanism of DNA unwinding and degradation. The biochemical reconstitutions further define the set of conditions leading to Cas3 recruitment to the Cascade-bound DNA substrate.
Although the HD nuclease inside Cas3 was correctly defined as a transition-state metal-dependent ssDNase, its exact catalysis mechanism remained elusive 15, 16, [22] [23] [24] . Our Cas3 structure reveals the coordination of two constitutively bound catalytic iron cofactors and their interactions with the ssDNA substrate. Questions remain about why the ssDNA substrate was not cleaved inside the Cas3 crystal. A possibility is that only Fe(ii), but not its oxidized Fe(iii) form, is capable of supporting the HD nuclease activity and that our T. fusca Cas3 may have been slowly inactivated during purification and crystallization because of Fe(ii) oxidation, thus leading to the observation of a trapped ssDNA in its precursor form. Efforts are underway to investigate this possibility and to provide further snapshots of Cas3 in various stages of the enzymatic cycle.
The structure features commonly found in SF2 helicases are well conserved in the Cas3 helicase region 17, 25, 27 . This suggests that Cas3 would function like a typical SF2 helicase to unwind dsDNA 17, 18, [24] [25] [26] [27] . SF1 and SF2 monomeric helicases have been shown to unwind dsDNA with an inchworm mechanism 17, 25, 27 . That is, binding of ATP to RecA1 induces a rotation and closing movement in RecA2 to orient important residues for ATP hydrolysis. This structure compression is then relieved after ATP hydrolysis and dissociation. The ATP-induced conformational change, coupled with an alternate tight-loose grip on ssDNA from the two RecA-like domains, leads to the inchworm movement of the helicase on one DNA strand to unwind the dsDNA. The compression of the helicase upon ATP binding was not captured in our Cas3 crystals, presumably owing to crystal-lattice trapping; however, a b
Cas3 ( npg a r t i c l e s we see hints of such movement when comparing the four Cas3 molecules in the asymmetric unit of the crystal lattice, because each undergoes a different extent of rigid-body movement in the crystal lattice (Supplementary Fig. 6e) . A hinge motion in the ATP-binding cleft results in a closing-in motion in molecule D, such that its HD domain shifts by as much as 3 Å, causing the active site metal ions and ssDNA substrate to move ~1.7 Å (Supplementary Fig. 6f ). Such movements give hints about the consequence of conformational changes, induced by ATP binding and hydrolysis, in the Cas3 helicase region and point to a concerted mechanism to couple the inchworm movement of the helicase with the substrate translocation in the HD nuclease active site.
When taken together, the Cas3 crystal structure enabled us to resolve some of the major mechanistic questions in the type I CRISPR-Cas system. The two enzymatic activities in Cas3 work in a concerted fashion at several levels. Apart from unwinding and feeding the substrate into the HD nuclease, the helicase moiety also initiates the recruitment of the latter activity through physical interactions with the CasA component of the R-looppresenting Cascade (Fig. 6b) . Subsequently, the HD nuclease strengthens the Cascade-Cas3 interaction with its strong ssDNA binding affinity at the active site ( Fig. 6b) . Cascade-Cas3 interaction occurs only when a series of conditions are met, thus reflecting an evolutionary pressure to tightly regulate the activation of Cas3-mediated DNA degradation.
In consideration of the initial steps involving Cascade-mediated recruitment and activation of Cas3 at the R-loop region, questions remain about how Cas3 is loaded onto the nontarget strand in the R-loop structure before the first cleavage event, because threading a looped ssDNA without an open 3′ end through the caged Cas3 helicase would be topologically challenging. Although it is possible that the HD nuclease makes the first cut by bypassing the helicase, the existing data 15, 16 are more consistent with a model in which the CTD of Cas3 transiently dissociates, possibly triggered by interaction with Cascade, to allow ssDNA placement into the helicase. Such accessory domain movement has been observed in other helicases, as exemplified in UvrD 28 . After CTD reassociation, the HD nuclease makes the first cut and converts Cas3 into the processive conformation observed in the crystal structure, and ATP hydrolysis further drives 3′-to-5′ unwinding and degradation. An alternative model to resolve the topological challenge involves the retraction of the long flexible linker sequence (aa 816-832) beyond the HD nuclease to expose the side of the ssDNA-recruitment channel along Cas3. Single-molecule fluorescence resonance energy transfer experiments and cocrystal structures of Cas3 bound to the target-presenting Cascade complex will be required to distinguish these two competing models.
METHODS
Methods and any associated references are available in the online version of the paper. Accession codes. Coordinates and structure factors for Cas3 (4QQW), Cas3-ATP (4QQX), Cas3-AMP-PNP (4QQZ) and Cas3-ADP (4QQY) have been deposited in the Protein Data Bank. were then introduced at two different concentrations (20 nM or 80 nM), and the reaction mixture was incubated at 37 °C for an additional 30 min. The reaction mixtures were then electrophoretically separated on a 6% Tris/borate/EDTA (TBE) native PAGE in a cold room. The gel was exposed to a storage phosphor screen, and the radiograph signals were recorded by a Typhoon 9200 machine. All controls were done in the same buffer condition by following the same incubation procedure.
Nuclease assay. Nucleic acid cleavage reactions were performed at 37 °C for 60 min in a buffer containing 10 mM Tris-HCl, pH 8.0, 60 mM KCl, 10 mM MgCl 2 , and 1 mM dithiothreitol (DTT). 0.1 µM 5′-Cy5-labeled ssDNA was incubated with 1 µM of wild-type or mutant Cas3 proteins. Reactions were initiated by the addition of protein and stopped by the addition of 3× stop buffer (67.5 mM EDTA, 27% (v/v) glycerol, and 0.3% (w/v) SDS). The reaction mixture was separated by electrophoresis on 10% (w/v) 8 M urea polyacrylamide gel (PAGE), and the Cy5 fluorescence signal was recorded with a Typhoon 2900. The metal-dependency experiment was carried out in essentially the same conditions, except the Mg 2+ was substituted with 10 mM other metal ions.
